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Abstract
A novel equation of state used for analysis of the heavy ion collision experimental data is generalized to also describe
the matter inside neutron stars. This approach differs from others by including an induced surface tension caused by the
short range repulsion between particles accounted by presence of their hard cores. This new equation of state respects
thermodynamic consistency and is free from the usual causality problems. This makes it applicable over a wide range
of temperatures and baryon densities, including the ones inside neutron stars. Despite small number of parameters the
present equation of state reproduces properties of the saturated nuclear matter and is consistent with the proton flow
constraint as well as with astrophysical data obtained from neutron star observations. Accordingly, we found the sets of
parameters that agree with the same ones obtained from the heavy ion collision data analysis 2.
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1. Introduction
Neutron stars (NS) are among the most dense objects in the Universe that are directly observable and
which properties are determined by an interplay of gravitational and strong nuclear forces [1]. This explains
the recent interest in studying NSs, since such stars are important natural laboratories to test both General
Relativity and the modern theory of strong interactions. Recently this interest was significantly enhanced
by the first observation of the merger of two NSs [3]. On the other hand, the exploration of the QCD phase
diagram within ongoing and planned experimental programs on heavy ion collisions (HIC) [2] also requires a
detailed information about properties of strongly interacting matter. Experience gained by astrophysical and
high energy physics communities shows that unified approaches to study the QCD matter in regions typical
1violettasagun@tecnico.ulisboa.pt, ilidio.lopes@tecnico.ulisboa.pt, oivanytskyi@usal.es
2 Two sets of the tabulated EoS are publicly available at the https://centra.tecnico.ulisboa.pt/network/costar/files/ist/
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Fig. 1. Left panel: energy density  (solid curves) and pressure p (dashed curves) as functions of the baryonic density nB. Right
panel: speed of sound Cs as functions of the baryonic density nB. Calculations are performed for electrically neutral IST EoS (red
curves) and EoS with the Van der Waals parametrization of hard core repulsion (black curves) with the parameter set A from Table 1.
for NS and HIC is of principal importance for understanding processes inside compact astrophysical objects
and hot hadronic medium. Development of such an unified treatment of matter with strong interaction
requires an equation of state (EoS) applicable in a wide range of baryonic densities and temperatures. In
this work we briefly report a recent development towards the formulation of such an EoS.
2. Equation of state of dense matter
A delicate balance between interparticle repulsion and attraction is a key element to formulate a realistic
EoS of dense baryonic matter. In our approach we account for the long range attraction of the mean field
type as well as for the strong short range repulsion between particles. The latter is modelled by the hard
core repulsion within the framework of induced surface tension (IST) which was successfully applied for
modelling properties of symmetric nuclear matter [4], analysis of hadron yields measured in HIC from AGS
[5] to ALICE [6] energies and to description of compact astrophysical objects [7]. This approach allows us
to go beyond the usual Van der Waals approximation and to safely describe baryonic matter at high densities.
IST generated by interparticle interaction in thermal medium ensures correct values of the second, third and
fourth virial coefficients of hard spheres controlled by a single parameter α [4]. It is remarkable that the set
up of the model with α = 1.245 not only reproduces above virial coefficients but also leads to the widest
causality range of the hadronic system [6]. This fact gives entirely independent justification to the IST
framework. As it is seen from Fig. 1, the IST EoS is significantly softer than the one with the Van der Waals
parametrization of the hard core repulsion. This provides a wider range of the present EoS causality and
allows its application for modelling the NS interiors characterized by high baryonic densities.
Another important ingredient of our EoS is the mean field attraction which generates a negative cor-
rection to the pressure and at small densities is proportional to n1+κB with nB being a baryon density, C
2
d a
proportionality coefficient and 0 < κ < 1 [8]. Thermodynamic consistency (see [9] for details) of the given
approach is provided by the positive shift of the baryon chemical potential which at small densities is pro-
portional to nκB. Repulsion of the mean field type is not explicitly introduced to the present EoS because of
the fact that even at five nuclear saturation densities the average separation between particles is quite large.
At such a regime the microscopic interaction potentials are essentially attractive. This allows one to safely
account for the residual repulsive interaction as a hard core correction. Properties of symmetric nuclear
matter are highly sensitive to details of the mean field attraction. At ground state characterized by baryonic
density n0 = 0.16 f m and saturated value of binding energy per nucleon 16 MeV repulsion caused by the
particle hard cores and Fermi momenta is compensated by this attraction resulting in a zero total pressure.
In Ref. [8] it was shown that consistency of the IST EoS with the flow constraint on the symmetric nuclear
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Fig. 2. Left panel: pressure p of symmetric nuclear matter as function of baryonic density nB for the parameter sets from Table 1, the
shaded area corresponds to the flow constraint. Right panel: restrictions on values of the parameter κ and nucleon hard core radius r
found from the analysis hadron multiplicities measured in HIC and flow constraint.
Table 1. Parameters of the IST EoS
IST EoS r α κ Bs As C2d U0 K0 J L Mmax
f m − − f m3 MeV · f m3 MeV · f m3κ MeV MeV MeV MeV M
Set A 0.492 1.245 0.263 3.5 16.896 143.564 147.456 200.03 30.0 114.91 2.229
Set B 0.484 1.245 0.26 4.5 14.762 144.042 150.97 200.00 30.0 113.28 2.189
matter EoS [10] implies 0.1 < κ < 0.3. At the same time, additional constraints on the values of the nuclear
incompressibility factor K0 = 200 − 300 MeV and requirement of a realistic critical endpoint of nuclear
matter makes this interval even narrower, with κ varying from 0.15 (with r = 0.35 − 0.4 f m) to 0.30 (with
r = 0.53 − 0.54 f m). These results can be complemented by the conclusions drawn from the analysis of the
HIC data on hadron multiplicities that nucleon hard core radius r lies between 0.4 and 0.5 f m [4, 5, 6]. As it
is seen from Fig. 2, the resulting region in the κ− r plain is rather compact. We found two parameterizations
of the IST EoS which generate the maximal NS mass above two solar ones (set A and set B from Table 1).
They are fully consistent with the flow constraint (see Fig. 2). It is remarkable that these sets correspond to
two points which are located well inside the above region (see Fig. 2). This means that the IST EoS fitted to
the high and low energy nuclear physics data is fully consistent with the highest observed mass of NS [11].
The NS interiors are characterized by different fractions of neutrons and protons or, equivalently, by non
zero nuclear asymmetry I. It generates a positive contribution to the pressure and corresponds to additional
repulsion. In order to take under control both nuclear symmetry energy J and its slope L at saturation density,
we adopted the mean field type parametrization of the asymmetry pressure which at small nB behaves as
As(InB)2
1+(BsInB)2
. Utilization of the scheme developed in Ref. [9] provided thermodynamic consistency of this EoS.
3. Description of neutron stars
Masses and corresponding radii of NS were found by numerical integration of the Tolman - Oppen-
heimer - Volkoff equation [12, 13]. For this purpose EoS of dense nuclear matter was supplemented by
the condition of electric neutrality provided by the presence of electrons. The latter were treated as non
interacting massless particles existing in β-equilibrium with the surrounding medium. In order to mimic
the structure of the atomic crust on the top of the NS’s core, a polytropic EoS with γ = 43 was applied at
very small densities. Such an envelope affects the NS radius and mass only when the latter is below 0.2M.
Found mass-radius diagram is shown on Fig. 3. Set A of the model parameters allows the IST EoS to fit as-
trophysical constraints [14, 15, 16] in the best way. At the same time, set B generates a mass-radius diagram
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Fig. 3. Left panel: gravitational mass M of NS as function of its radius R. Right panel: compactness of NS 2GM/R as function of
its mass M. Calculations are performed for sets A and B of the IST EoS (see Table 1). The set A provides the best description of the
astrophysical constraints, while the set B corresponds to the mass-radius relation close to the ones of the APR4 and SLy EoSs.
close to the ones of the APR4 [17] and SLy [18] EoSs, which are widely used at present. Despite valuable
differences in the mass-radius diagrams of different EoSs, their compactnesses shown on Fig. 3 are similar.
Small differences appear only at high masses of NS. It is interesting because such a regime corresponds to
the highest densities of the NS core, when effects of the IST become the most important.
4. Conclusions
Based on this phenomenological EoS that is able to simultaneously satisfy various constraints at high
and low energy physics, we studied the mass-radius relation and the compactness of NSs. Special attention
was paid to account for the short-range repulsion between nucleons within the IST framework. This has
allowed us to extend the applicability range of this EoS up to the densities typical for the NS interior. We
found two sets of the model parameters, which on the one hand are consistent with properties of normal
nuclear matter, flow constraint and HIC data on hadron yields and, on the other hand, allows present EoS to
fit existing astrophysical data. We do hope that the present approach will be successfully used to investigate
the strongly interacting matter in a wide range of densities and temperatures.
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